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Tin sulphide thin films have been grown on soda-lime glass substrates through the anneali ng of RF-mag- 
netron sputtered SnS2 precursors . Three different approaches to the annealing were compared and the 
resulti ng films thoroughly studied. One series of precursors was annealed in a tubular furnace directly 
exposed to a flux of sulphur vapour plus formi ng gas, N 2 + 5%H2, and at a constant pressure of 500 mbar. 
The other two series of identical precursors were annealed  in the same furnace but inside a graphite box 
with and without elemental sulphur evaporation again i n the presence of N 2 + 5%H2 and at the same pres- 
sure as for the sulphur flux experiments. Different maximum  annealing temperatures  for each set of sam- 
ples , in the range of 300-570 °c,were tested to study their effects on the properties of the final films.The 
resulti ng  phases  were  structurally  investigated  by  X-Ray  Diffraction  (XRD) and  Raman  spectroscopy. 
Annealing of SnS2 precursors in sulphur flux produced  films where SnS2  was dominant for temperatures 
up to 480 °C. Increasing the temperature to 530 °c and 570 °c led to films where the dominant phase 
became Sn2S3•  Annealing of SnS2  precursors  in a graphite box with  sulphur vapour  at temperatures  in 
the range between 300 °c and 480 °c the films are multi-phase , containing Sn2 S3, SnS2 and SnS. For high 
annealing temperatures of 530 °c and 570 °c the films have SnS as the dominant phase.Annealing of SnS2 
precursors in a graphite box without sulphur vapour at 300 °c and 360 °c the films are essentially amor- 
phous, at 420 °c SnS2  is the dominant phase. For temperatures  of 480 °c and 530 °c SnS is the dominant 
phase but also same residual SnS2 and Sn2S3 phases are observed. For annealing at 570 °c, according to 
the XRD results the films appear to be single phase SnS. The composition was studied usi ng energy dis- 
persive spectroscopy being then correlated with the annealing temperature. Scanning electron micros- 
copy studies revealed that the SnS films exhibit small grain structure and the film surface is rough. 
Optical measurements were performed, from which the band gap energies were estimated .These studies 
show that the direct absorption transitions of SnS are at 1.68 eV and 1.41 eV for annealing in graphite box 
with and without elemental sulphur evaporation, respectively . For the indirect transition the val ues var- 
ied from 1.49 eV to 1.37 eV.The results of this work show that the third approach is better suited to pro- 
duce single phase SnS films. However, a finer tunning of the duration of the high temperature plateau of 
the anneali ng profile is required in order to eliminate the  -Sn top layer. 
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1.Introduction 3. Results and discussion 
 
The replacement of Cuin1_xGax5e 2 as solar cell absorber by In- 
free compounds has motivated the research on new materials such 
as tin sulphide, 5n5. Theoretical studies point out its potential for 
photovoltaic applications [1-3). There are  many  advantages  of 
5n5 such as suitable band  gap ( 1.3 eV), large absorption coeffi- 
cient (> 104 ), low cost, non-toxic and based on abundant elements 
[4,5). Despite these advantages, single phase films appear to be dif- 
ficult to grow due to  the formation of other phases during the 
annealing process such as, 5n52 and 5n253• As 5n5 has a high vapour 
pressure, losses of material occur at high processing temperatures. 
Therefore, this difficulty is increased when growth is performed in 
a vacuum system. In the literature, thin films of 5n5 have been pre- 
pared by several methods including thermal evaporation [6-9), 
electron beam evaporation [10,11), spray pyrolysis [12), electrode- 
position [13,14), chemical bath deposition (CBD) [15-19), sol-gel 
[20) vacuum evaporation [21) and de magnetron sputtering [22). 
Each method has its own  characteristics in producing homoge- 
neous and defect free thin  film  materials.  The  attempts  to  use 
5n5 in device structures are limited but previous studies have re- 
ported solar cells with efficiencies up to 2.04% [23). The aim of 
this work is to try to find a route to produce single phase 5n5 thin 
films from 5n52 precursors. Three different approaches based on 
the annealing of RF-magnetron sputtered 5n52  precursors  have 
been followed. We  report  here,  a  systematic and detailed  study 
of the effects of the annealing conditions on the phase content of 
the tin sulphide films. 
 
2. Experimental methods 
 
In this work, the method used for the growth of tin sulphide thin films consisted 
on the annealing of RF-magnetron sputtered SnS2 precursors.Three sets of samples 
have been prepared . The SnS2 precursor layers with purity of 99.99% were depos- 
ited by RF-magnetron sputtering on soda lime glass (SLG) substrates cleaned in 
sucessive ultrasound baths of acetone/ethanol/ deionised water and finally dried 
with a N2 flow. The base pressure of the sputtering system was 10-5 mbar. The 
deposition  was done in an Ar + 10%H2  atmosphere, at an operating pressure  of 
4.0 x 10-3 mbar.  After  the deposition  of  the  precursor  layer, the  samples  were 
transfered to a tubular furnace where annealing was performed at a constant work- 
ing pressure of 500 mbar either  in a flux of sulphur vapour plus forming gas, 
N2 + 5%H2, at flow rate of 40 ml min-
1 or in a closed graphite box with and without 
elemental sulphur evaporation. In the first series of samples. sulphur is evaporated 
by a source located at the left end of the furnace at a temperature of 230 °C. The sul- 
phur vapour is transported, with the help of a N2 + 5%H2 flux, along the furnace. For 
the second series of samples. 100 mg of high purity sulphur shots ( 99.999%) were 
evaporated inside a graphite box while in the third series, no sulphur vapour is 
present. For each series. the annealing temperature profiles had a maximum pla- 
teau which varied from 300 °C to 570 °C and lasted 15 min. The thicknesses of 
the final annealed layers were measured using a Dektak 150 step profiler. The mor- 
phology and average composition were analysed by SEM, Hitachi Su-70 equipped 
with a Rontec EDS system. The crystalline structure was analysed by X-Ray Diffrac- 
tion (XRD) with a Philips PW 3710 system, in the Bragg-Brentano configuration 
(6-26), using the Cu K°' line (wavelength ). 1.54060 A) and the generator settings 
were 50 mA and 40 KV. A LabRam Horiba, HR800 UV spectrometer, equipped with a 
solid state laser oscillating at 532 nm was used for the Raman scattering measure- 
ments. Optical measurements were done using a Shimadzu UV3600 spectropho- 
tometer equipped with an integrating sphere. The sample naming scheme makes 
reference to the annealing conditions and maximum temperature .The S in the first 
series means that the annealing was performed in a flux of sulphur vapour. SGBS 
and SGB means that the annealing was performed in a graphite box with and with- 
out elemental sulphur evaporation, respectively . All the acronyms are followed by 
the maximum annealing temperature . For a summary see Table 1. 
 
Table 1 
Sample labelling and summary of the different anneali ng approaches. 
The work reported  in this study aims at establishing a suitable 
route to prepare single phase 5n5 thin films. Three series of sam- 
ples were prepared following three different annealing approaches. 
For each case, the annealing temperatures  were  300 °C,  360 °C, 
420 °C, 480 °C, 530 °C and 570 °C. In order to simplify the presen- 
tation of the results data are only presented for the selected tem- 
peratures of 300 °C, 480 °C and 570 °C, except for XRD. 
Table 2 shows the results of the compositional analysis as well 
as the thicknesses for the studied samples. For the first series, no 
clear trend for the 5n:5 ratio is observed. For samples 5300 and 
5570 the ratio is around 0.65 which is compatible with 5n253 being 
the dominant phase. For 5480 the 5n:5 ratio was 0.55 which points 
to 5n52 as the dominant phase. For the second and third series, the 
5n:5 ratio increased with increasing annealing temperature. Never- 
theless, there are differences between these two series. In the sec- 
ond series of samples (5GB5300 to 5GB5570) the composition 
ratios increased from 0.6 at 300 °C to near  stoichiometric  at 
570 °C. In the case of the third series while sample 5GB300 has 
5n:5 ratio below 1 samples 5GB480 and 5GB570 present a ratio 
higher than 1. These latter results suggest that the samples are 
tin rich. 
The 5EM images of the samples are shown in Fig. 1. This analy- 
sis revealed that the samples annealed at lower temperatures 
exhibited small grain structure uniformly distributed and good 
coverage of the substrate surface. A dense structure can be ob- 
served. The sample 5570 is not as dense as the sample prepared 
at 300 °C but is composed of extended grains. Voids and cracks 
were found in the samples 5570, 5GB570 and 5GB5570. As the 
maximum annealing temperature  increased  from  300 °C  to 
480 °C, the surface roughness increased for the three sets of sam- 
ples. However, when the temperature was increased further, from 
480 °C to 570 °C, the surface roughness decreased. 
Fig. 2 shows the XRD diffractograms for samples 5300 to 5570 
(a), 5GB5300 to 5GB5570 (b) and 5GB300 to 5GB570 (c). In the first 
series of samples, Fig. 2a, and according to the International Centre 
for Diffraction Data (ICDD), for the lowest temperature (300 °C), the 
sample consists on a mixture of orthorhombic 5n253 and hexagonal 
5n52 phases. Increasing the temperature  to  360 °C  and  then  to 
420 °C, the amount of 5n253 (Reference code: 04-008-2097) present 
decreased substantially and 5n52 become the dominant phase. Well 
defined peaks at 20 = 15.02°, 30.19°, 46.01° and 62.82° match the 
standard pattern for the mineral Berndtite-2T (Reference code: 00-
023-0677) with 5n52 composition and correspond to the crystal- 
lographic planes: (001), (002), (003) and (004), respectively. For 
480 °C again phases corresponding to 5n253 appear. Increasing fur- 
ther the temperature to 530 °C and 570 °C, there is a decrease in the 
intensity of the peaks related to the 5n52  phase and the dominant 
 
 
Table 2 
Composition ratios and thickness for the three series of samples prepared with three 
different annealing approaches of RF-magnetron sputtered SnS2  precursors   and 
grown  on soda  lime glass substrates. 
 
 
Thickness  (nm) Sample Sn (at.%) S (at.%) I]SJl 
SnS2   precursor 
 
Sample name Sulphur Graphite 
box 
Annealing 
temperature  (°C) 
S300 --+ S570 Flux No 300-570 
SGBS300 --+ SGBSS 70 Pieces Yes 300-570 
SGB300 --+ SGB570  Yes 300-570 
320 S300 18.45 28.34 0.65 
 S480 9.23 16.75 0.55 
 S570 5.39 8.40 0.64 
 SGBS300 4.24 6.36 0.58 
 SGBS480 5.23 7.24 0.72 
 SGBS570 3.62 3.92 0.92 
 SGB300 4.93 6.91 0.71 
 SGB480 2.89 2.29 1.26 
 SGB570 3.75 2.38 1.57 
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SGBS360 
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Fig. 1. SEM micrographs for the samples annealed in a flux of sulphur vapour (left column) and in a graphite box with (middle column) and without (right column) elemental 
sulphur evaporation. The morphology was analysed by SEM, Hitachi Su-70 equipped with a Rontec EDS system operated at an acceleration voltage of 4.0 KV. The inset of 
images within several figures shows the morphology using the same system but with an acceleration voltage of 25 KV. 
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Fig. 2. XRD diffractograms for the samples annealed in a flux of sulphur vapour (a) and in a graphite box with (b) and without (c) elemental sulphur evaporation. 
 
phase becomes Sn2S3• Orthorhombic SnS phases were also detected 
in these samples. 
In the second series of samples, Fig. 2b, for 300 °C and 360 °C, it 
is observed that the samples are multi-phase,  containing  Sn2S3, 
SnS2 and SnS. Increasing the temperature to 420 °C,  the  Sn2S3 
phase decreases  substantially  and  promotes  the  formation  of 
SnS2 as dominant phase. At 480 °C, started to emerge as the dom- 
inant phase but Sn2S3 is still present. The peaks corresponding to 
SnS2 ,  observed   at  lower  temperature,  now  disappeared.  When 
the temperature was increased to 570 °C, the corresponding XRD 
pattern suggests that the films are mostly SnS however traces 
SnS2 and Sn2S3 are still present. The EDS measurements of these 
samples (Table 1) indicated that the ratio of Sn:S had increased 
and that for the higher annealing temperatures the samples tended 
towards a stoichiometric ratio of 1:1. 
In the third series of samples, Fig. 2c, for 300 °C and 360 °C, the 
XRD pattern of the samples shows no obvious diffraction peaks, 
indicating that the samples are amorphous.  For 420 °C the domi- 
 5570 
) 
. 
 
nant phase matches SnS2 but Sn2S3 and SnS phases are also pres- 
ent. At 480 °C, there is a decrease in the intensity of the peaks re- 
lated to SnS2 and an increase in the SnS phase. The latter becomes 
dominant, however, SnS2 and Sn2S3 phases are still present to some 
extent. Increasing further the temperature to 530 °C, promotes the 
formation of SnS. The XRD pattern also shows a small additional 
peak which comes from trace amounts of SnS2 • For 570 °C, the film 
is single phase SnS according to XRD. Three major diffraction peaks 
appear at 20 = 15.72°, 31.51° and 65.76° which are assigned to 
(020), (111) and (222) reflections of orthorhombic SnS. The EDS 
analysis revealed that these films were tin rich. These changes in 
the XRD patterns, lead to the conclusion that as the temperature 
increases to 570 °C, loss of sulphur exists leading to the preferen- 
tial formation of SnS in detriment of other phases with higher sul- 
phur  content. 
The structural analysis' results show that the formation of dif- 
ferent SnxSy phases with the change of the maximum temperature 
and the annealing approach may be interpreted as the result of dif- 
ferent dissociation reactions, as given below: 
 
 
(2) SnS2 (s) -+ SnS(s) + S(g) 
 
 
50 100 150 200 250 300 350 400 
 
Sn2S3(s) -+ 2SnS(s) + S(g) 
(
3  { 
) Sn2 S3 (s) + SnS2 (s) -+ 3SnS(s) + S(g) 
Considering the samples annealed in a flux of sulphur vapour 
(S300 to S570), for lower temperatures a mixture of  SnS2  and 
Sn2S3 phases were observed. The formation of Sn2S3 from SnS2 pre- 
cursors and S vapour may be interpreted as the result of the disso- 
ciation reaction defined as (1). Increasing further the temperature, 
the reverse process of this reaction appears to occur, promoting the 
formation of SnS2 as dominant phase, at a temperature of 420 °C. 
At 530 °C and 570 °C, a clear evidence of decomposition of SnS2 
into Sn2S3 occurs again, becoming the latter dominant. For graphite 
box experiments (SGBS300 to SGBS570 and SGB300 to SGB570) the 
results indicate that  for  annealing  temperatures  ranging  from 
300 °C to 480 °C the samples are multi-phase, containing Sn2S3, 
SnS2 and SnS. In addition to the reaction (1), it is possible that some 
SnS2 phases present are converted into SnS, according to reaction 
(2). At high temperatures (570 °C), the XRD pattern suggests that 
the film SGB570 is single phase. The formation of this phase can oc- 
cur through the reactions (3) and may be attributed to conversion 
of Sn2S3 and SnS2 phases into SnS. 
Fig. 3 shows the Raman  scattering spectra for the samples an- 
nealed at the highest temperature for each annealing approach 
(S570, SGBS570 and SBG570). Raman analysis of the sample S570 
confirmed the presence of SnS2 with a peak at 314.5 cm-1 [22,24). 
Other phases with vibrational modes located at 162.3 cm-1, 191.9 
cm-1 , 220.1 cm-1 and 267.8 cm-1 were also detected and assigned 
to the SnS phase  [24-26). A  weak  intensity  mode  located  at 
256.3 cm-1 was also detected corresponding to the Sn2S3 phase 
[24). A clear difference in the information extracted from the XRD 
and Raman spectrum is that while the analysis of XRD pattern sug- 
gested that Sn2S3 is dominant, the Raman results point to SnS2 as 
the dominant phase. The Raman spectrum shows a strong peak 
characteristic of SnS2 at 314.5 cm-
1 but no clear evidence for 
Sn2S3• This difference between XRD and the Raman results may 
be do to the fact that the SnS2 Raman signal originates close to 
the top surface while the XRD signal is an average from all the film 
thickness. 
The Raman spectrum of the sample SGBS570 shows peaks at 
84.9 cm-1,  162.1 cm-1,  175.2 cm-1,  191.7 cm-1  and  220.1 cm-1 
which are assigned to the SnS phase [24,27). A weak peak located 
at  58.2 cm-1  is also observed  and  attributed  to  the  Sn2S3   phase 
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Fig. 3. Raman scattering spectra of the samples annealed at a maximum temper- 
ature of 570 °C for each annealing approach studied. Ann ealing in a flux of sulphur 
vapour (5570) and in a graphite box with (SGBS570) and without (SGB570) 
elemental sulphur evaporation. Raman scattering excitation was produced with a 
solid state laser at the wavelength of 532 nm. 
 
 
 
[24,28). The sample SGB570 has vibrational modes similar to the 
SGBS570 but in this case the intensity of the mode assigned to 
SnS at 84.9 cm-1 increased substantially. This is in agreement with 
the observation made in XRD since it pointed to a single phase SnS 
film. For SGBS570, a strong peak is observed at 128.3 cm-1 which 
does not correspond to the known Raman modes of SnS. Pressure 
dependent Raman scattering studies on -Sn, reported in the liter- 
ature, showed LO and TO modes at 42.4 cm-1 and 126.6 cm-1, 
respectively. At atmospheric pressure the TO mode is predominant 
[27). Based on this, the mode located at 128.3 cm-1 in our study 
can be assigned to the TO mode of -Sn. Since in XRD no -Sn 
was detected, for this sample, it means that it corresponds to a very 
thin layer at the top surface. For SGB570 the peak located at 
128.3 cm-1, in the case of SGBS570, unfolds into two broad bands 
located at 120.2 cm-1 and 136.8 cm-1  The existence of this top 
-Sn layer is, in this case, further supported by the compositional 
analysis which shows a Sn:S ratio greater than 1 as can be con- 
firmed  in Table  1. Fig.  3 shows  that  the  mode  assigned  to  the 
-Sn phase is present in the samples sulphurized in the graphite 
box but not in the samples sulphurized with sulphur flux. This is 
expected since, in the latter case, a continuous supply of sulphur 
occurs while in the case of the graphite box, as the sulphurization 
proceeds, it is likely that the atmosphere becomes sulphur  de- 
pleted leading to the surface SnS decomposition. 
In Fig. 4, the results of the absorption edge estimation are pre- 
sented  for  the  samples  annealed  at  the  highest  temperature 
a: SnS orthorhombic 
b: SnS2  hexagonal 
c: Sn2s3orthorhombi 
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Fig.4. Absorption edge analysis for the samples annealed at maximum temperatur es of 570 °( for each annealing approach studied. Annealing in a flux of sulphur vapour 
(5570) and in a graphite box with (SGBS570) and without (SGBS570 ) elemental sulphur evaporation. 
 
( 570 °C) for each annealing approach. Fig. 4a shows the transmit- 
tance versus wavelength behaviour for S570, SGBS570 and 
SGB570. Fig. 4b-d shows the absorption edges estimation method 
and the corresponding values for direct and indirect  transitions . 
The results in Fig. 4b, for sample S570, show an indirect transition 
energy of 1.34 eV and an direct transition energy of 1.53 eV. It fol- 
lows from the discussion above that this sample is a solid mixture 
of Sn2S3 , SnS2 and SnS, therefore we cannot assigned these transi- 
tion energies to any of the phases. For samples SGBS570 and 
SGB570, Fig. 4c and  d shows indirect transitions at 1.49 eV and 
1.37 eV, respectively. These values  are considerably  higher  than 
1.07 eV predicted for the indirect transition of SnS [1] eventhough 
the structural analysis, presented above, suggests that SnS is the 
dominant phase in these samples. This discrepancy may be the re- 
sult of the existence of a very thin layer of -Sn on the top of those 
samples since it will affect the reflectance and transmittance mea- 
surements and hence the absorption data. Another contribution to 
explain the discrepancy may be found in [9] where it is shown that 
the indirect transition energy of  SnS  films  with  a  thickness  of 
750 nm has a val ue of 1.32 eV which  is closed to the val ue we 
found for sample SGB570. That same reference also shows that 
the transition energy increases with  decreasing  film  thickness. 
For  sample  SGB570  we  found   a  direct  transition   energy  of 
1.41 eV which is in the range theoretically predicted [ 1]. This is 
in agreement with the conclusions drawn from the structural anal- 
ysis which pointed to SnS as the dominant phase but capped by a 
very thin  -Sn layer. For direct transitions we do not expect that 
the thin -Sn layer affects the estimation of the corresponding 
energies as much as for indirect transitions since absorption of 
photons with energy above the transition threshold is very strong 
and therefore dominates over the effect of the Sn layer. 
o 
 4. Conclusions 
 
This work describes three different attempts to produce 
single phase SnS thin films with orthorhombic  structure, 
consisting on the annealing of RF-magnetron sputtered SnS2 
precursors . I n the first attempt these samples were annealed in 
a constant sulphur flux and it was observed that a solid mixture of 
the SnS, SnS2 and Sn2S3 phases occured for all annealing 
temperatures. In the second attempt annealing was performed in 
a closed graphite box during which pieces of sulphur were 
evaporated . It was observed that at highest annealing 
temperature of 570 °C the films were predomi - nantly formed by 
the SnS phase but residual amounts of Sn2 S3 were also detected as 
well as a thin top layer of -Sn. In the third attempt the SnS2 were 
annealed in a closed graphite box without sulphur evaporation . 
The bulk of the  resulting films appear to be single phase SnS 
and it is again capped by a thin layer of  -Sn. The results of this 
work show that the third approach is better suited to pro- duce 
single phase SnS films. However, a finer tunning of the dura- tion 
of the high temperature plateau of the annealing profile is 
required in order to eliminate the   -Sn top layer. 
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